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ABSTRACT

We present a class of devices called Asymmetric Bowtie nano-Colorsorters. These devices are specifically engineered to not only capture and
confine optical fields, but also to spectrally filter and steer them while maintaining nanoscale field distributions. We show that spectral
properties and localized spatial mode distributions can be readily tuned by controlled asymmetry. Nano-Colorsorters can control light’s spatial
and spectral distributions at the nanoscale and thus significantly impact applications ranging from broadband light harvesting to ultrafast

wavelength-selective photodetection.

A central goal of plasmonics is complete control over optical
signals at deeply subwavelength scales. The recent invention
of optical nanoantennas has led to a number of device designs
that provide confinement of optical fields at nanometer length
scales.!!* For photonic applications, however, the effective-
ness of these structures would be significantly improved by
the added ability to spatially sort the optical signals based
on a physically accessible parameter such as energy/
color.'*"!® Here, we present our experimental and theoretical
study of a class of devices, termed Asymmetric Bowtie nano-
Colorsorters (ABnC), which demonstrate both the ability to
efficiently capture and strongly confine broadband optical
fields, as well as to spectrally filter and steer them while
maintaining nanoscale field distributions. The latter property
is important because it allows for manipulation while
preserving the physical match, created by the optical antenna,
between the localized field distribution and important physi-
cal factors such as semiconductor carrier diffusion lengths
and zeptoliter volumes occupied by individual nano- and
quantum- objects. Because of these capabilities, ABnCs are
expected to have a profound impact on a wide range of
optoelectronic and plasmonic applications including ultrafast
color-sensitive photodetection, solar power light harvesting,
super-resolution imaging, and multiplexed chemical sensing.

Our proof-of-principle ABnC devices are based on asym-
metric variations of double-bowtie nanoantennas oriented in
a “cross” geometry. As an essential experimental complement
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to our theoretical modeling, an initial step of our investigation
was to demonstrate the feasibility of fabrication of these
devices. The nanoantennas are fabricated using electron-beam
lithography (Vistec VB300, 100 keV beam energy) and lift-
off on indium—tin—oxide- (ITO) coated fused silica sub-
strates (ITO thickness = 50 nm) and consist of approximately
17 nm thick Au on top of a 3 nm Ti adhesion layer. Each
constituent Au triangle in the cross nanoantenna is designed
to be equilateral in shape with a perpendicular bisector length
of 75 nm. Experimentally, the nanoantenna resonances are
measured by collecting darkfield scattering spectra from
individual structures in a transmission confocal modality:
white light is focused on the back of the transparent sample
with a high numerical aperture (N.A.) oil condenser (N.A.
= 1.43—1.2) and scattered light is collected with a 100x,
0.95 N.A. air objective, focused through a 150 ym diameter
pinhole, then directed into 0.3 m spectrometer (PI-Acton)
and dispersed onto a liquid-nitrogen-cooled charge-coupled
device (CCD) camera.

Calculations of the fields surrounding our devices were
done using finite element method (FEM) software from
COMSOL. Our analyzed volume consisted of a 500 nm (x
axis) x 500 nm (y axis) x 250 nm (z axis) top layer of air
(index of refraction, n, = 1), a 500 nm x 500 nm x 50 nm
middle layer of ITO (nro = 1.91), and a 500 nm x 500 nm
x 250 nm bottom layer of glass (ng.s = 1.5). Perfectly
matched layers (PML) surrounded the volume (100 nm thick
for the sides, 250 nm thick at the bottom). Twenty nanometer
thick Au nanoantennas and ABnC devices were placed
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Figure 1. Calculated images of the e-field distributions surrounding an ABnC (y-oriented “vertical” bowtie component shifted 5 nm left-
of-center) when excited at (a) 820 nm and (b) 780 nm. Note that the two modes are spectrally and spatially distinct while maintaining
nanoscale mode volumes. This ABnC retains a reflection symmetry axis oriented along the x-axis. (c) Experimental dark-field scattering
spectra from (blue) the ABnC shown in (e) and (red) a representative symmetric cross nanoantenna for comparison. (d) Calculated near-
field intensity spectrum from the ABnC designed with the 5 nm vertical bowtie shift shown in (a) and (b). (e) Scanning electron microscope
image of an ABnC with it’s vertical bowtie component shifted ~5 nm left-of-center.

directly on the ITO layer, and all triangles had 10 nm radii
of curvature at the corners. These parameters are very close
to the specifications of the fabricated devices.!” The wave-
length-dependent dielectric constant used for the Au was
taken from Palik et al.”® Plane wave continuous excitation
was incident from the top (air side) with electric field
component amplitudes of e, = 1, e, = 0, e, = 0. All
calculated field distribution images are plots of normalized
electric field (e-field) amplitude in a plane that cuts through
the center of the devices’ thickness (i.e., a plane with z set
to 10 nm above the Au/ITO interface). Calculated near-field
intensity spectra are plots of the maximum normalized e-field
amplitude within this plane at each wavelength. We note
that for experimental applications (e.g., nanoscale photode-
tectors’’ and nanoantenna-based near-field scanning
probes,?>?%) the relevant fields are those located directly in
and just outside the nanoantenna gap region,”** which is
why the near-field spectral and spatial distribution informa-
tion is calculated and presented here.

To help lend insight into the ABnC, we start by briefly
describing the main resonance properties of the symmetric
“cross” nanoantenna structure (C4, Symmetry), an example
of which is shown in the Supporting Information Figure S1
(more detailed discussion of symmetric “‘cross” nanoantennas
can be found in ref 26). An experimental darkfield scattering
spectrum from an individual symmetric cross nanoantenna
is also shown in Figure 1 (red curve) with the incident white
light linearly polarized in the x-direction. The main mode
primarily resembles the dipolar mode of a single bowtie that
is excited with e-field polarization oriented parallel to the
bowtie axis.!”?” A weak shoulder on the blue side of the
peak is also present, which is due to the x-polarized light
interacting with the y-oriented “vertical” bowtie component
of the cross (see refs 19 and 27 and Supporting Information).
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When x-polarized incident light is energetically resonant
with the primary dipole nanoantenna mode (at the wavelength
corresponding to the red curve peak in Figure lc), the
calculated e-field distribution (normalized e-field amplitude)
surrounding the symmetric cross is symmetric as well (Figure
S1). As expected, the most intense fields are located near
the tips of the two triangles comprising the horizontal
bowtie.?® This is consistent with the near-field distribution
associated with simple bowtie nanoantennas with similar gap
sizes,”® though the local intensity near the center of the
structure falls off more quickly in the y-direction due to added
confinement by and interaction with the vertical bowtie.

Next, we use an asymmetric bowtie “cross” nanoantenna
to demonstrate the basic principles of an ABnC (Figure 1).
In this case, the asymmetry has been created by moving the
y-oriented “vertical” bowtie component of the cross left-of-
center by 5 nm, thereby reducing the cross symmetry from
Cy, to Cs (i.e., the ABnC now has only one symmetry axis).
The effect of this symmetry-breaking can be seen in the field
distributions and the scattering spectrum shown in Figure 1.
By shifting the “vertical” bowtie to the left only a few
nanometers, the degeneracy of the nanoantenna’s primary
(polarization-aligned dipole) plasmon resonance mode breaks
into two, which is observed as a doublet in the scattering
spectrum (Figure lc, blue curve) and calculated near-field
intensity spectrum (Figure 1d). The small differences in
experimental versus theoretical peak wavelengths are due
primarily to small discrepancies in (1) the ITO dielectric
constant and (2) metal particle sizes between the real values
and those used in our FEM modeling.

The normalized e-field distributions for each of these two
resonant peaks are shown in Figure 1a,b. It is clear that each
resonance not only possesses a spatially distinct field
distribution, but also retains a nanoscale mode volume. Each
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Figure 2. Calculated near-field intensity spectra for ABnCs in which
the vertical bowtie component has been shifted horizontally by 0
nm (i.e., symmetric cross; black curve), 5 nm (red), 10 nm (green),
and 15 nm (blue).

of these zeptoliter volumes can be individually addressed
simply by adjusting the incident wavelength.

It is straightforward to tune the spectral shift between the
two modes; it is simply controlled by changing how far the
vertical bowtie is translated (in the left or right direction for
horizontally polarized light) from center (i.e., by increasing
the asymmetry and controlling the gap sizes between the
constituent parts of the nanoantenna). The effects of shifting
the vertical bowtie by 5, 10, and 15 nm, respectively, on the
near-field intensity spectral response of the ABnC are
illustrated in Figure 2. The peak wavelengths of both modes
change as a function of vertical bowtie shift. When the
vertical bowtie is moved left-of-center by 15 nm the high-
energy mode blueshifts by a total 13.4 nm, while the low
energy mode displays a marked redshift of 54 nm, demon-
strating clear coupling between ABnC components.

Both modes result from the interactions between all
constituents of the ABnC, though symmetry breaking affects
the modes in different ways. These behaviors can be
understood by examining the spatial field distribution as-
sociated with each mode (Figure 1a,b). As the vertical bowtie
shifts away from the right-hand triangle, the coherent
coupling between the right-hand triangle and the other ABnC
components decreases, leading to the relatively weak spectral
shift as a function of increasing asymmetry (i.e., weaker
interactions result in less sensitivity to component arrange-
ments). This also explains why the mode associated with
the shorter-wavelength peak in the doublet bears similarity
to the dipole resonance mode of an isolated triangle (Sup-
porting Information). On the other hand, the longer-
wavelength mode is more hybridized in nature.? In this case,
the increase in coherent coupling energy, resulting from the
decreasing (and small) gap sizes, between the three triangles
on the left in Figure la dominates the mode properties. In
the context of the plasmon hybridization model, the increased
coupling energy manifests itself as an increased redshift in
the lowest energy mode (dipolar-like in this case, which is
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why it is clearly observed in the scattering spectra). Note
that the electric field enhancement for this mode also
increases with decreasing gap size (increased asymmetry),
as expected.

It is important to emphasize, however, that each mode
originates from the complex coupling between all constitu-
ents comprising an ABnC. In fact, this is what makes the
concept of the nanocolorsorter so powerful, resulting in the
high degree of control over the spectral and spatial properties
through symmetry engineering. The significance of the
interplay between each ABnC part is verified by changing
the arrangement of the components, while retaining the
overall symmetry. The breaking of the dipolar mode degen-
eracy into two spectrally and spatially distinct modes is a
behavior that occurs not only when the single reflection
symmetry axis lies along the x-direction (and parallel to the
incident E-field orientation), but also more generally when
the reflection symmetry axis is rotated in the x—y plane (i.e.,
whenever C; symmetry is maintained). In Figure 3, we have
created an ABnC with its symmetry axis rotated 45° by first
shifting the y-oriented vertical bowtie of the cross left (by 5
nm in this case) and then up (by 5 nm). The experimental
scattering spectrum (Figure 3c) and calculated near-field
enhancement spectrum (Figure 3d) both still exhibit the
signature doublet peaks (excitation is x-polarized). Clearly
it is the overall arrangement/symmetry of the ABnC that
determines the spectral mode structure, confirming the
importance of all interacting components in defining the
properties of the device. Field distributions associated with
each of the two peaks remain localized and separated
spatially from one another, though the exact spatial nature
of the modes differs from that of the ABnC in Figure 1 due
to the changed geometry.

The ABnC with its multiple metallic nanostructures
separated by nanoscale gaps is also an example of a
plasmonic molecule. A number of recent publications have
discussed simple asymmetric plasmonic molecule geometries,
showing that Fano resonances, often created by broken-
symmetry-permitted optical interactions of bright and dark
modes, result in intricate (and tunable) spectral behavior.0~3°
This is certainly also the case in the context of the ABnC,
where fano-like resonances are observed in the spectral
response. One particular advantage of the cross geometry is
that it allows for strong interactions with all polarization
states,”® as well as for efficient cross-coupling of an x-
polarized incident field into modes with significant y-oriented
components (and vice versa).

We note that the device described above is a two-color
ABnC. However, one can easily extend the sorting/
multiplexing functionality to a greater number of wavelengths
by designing the device to possess more asymmetric degrees
of freedom. On the basis of the plasmon interactions that
dictated the properties of the two-color ABnC discussed
above, we have simulated the properties of a more asym-
metric device designed to have three spatially and spectrally
distinct modes (Figure 4). Here, we exchanged the bottom
triangle of the cross for an ellipse (major axis = 50 nm,
minor axis = 25 nm), moved it between the tips of the
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Figure 3. Calculated images of the e-field distributions surrounding an ABnC designed to have its reflection symmetry axis rotated 45°
from the x-axis when excited at (a) 780 nm and (b) 820 nm. The dotted red lines in (a), (b) and inset of (c) mark the reflection symmetry
axis. (c) Experimental dark-field scattering spectrum and (d) calculated near-field intensity spectrum from the ABnC with this symmetry.
Inset of (c) is an SEM image of the ABnC device from which the scattering spectrum in (c) originated. Note that, as in Figures 1 and 2,
retention of a single reflection symmetry axis in the cross ABnC design results in two spatially and spectrally distinct modes.
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Figure 4. An example of an ABnC with an increased number of asymmetric degrees of freedom. Images of calculated field distributions
showing spatially distinct field confinements due to mode hybridizations at (a) the left triangle-ellipse gap, (b) the top triangle-ellipse gap,
and (c) the right triangle-ellipse gap. (d) The calculated near-field intensity spectrum from this device, which now exhibits three spectral

modes (rather than two) due to the increased asymmetry.

remaining triangles, and enlarged the right-most triangle
(perpendicular bisector = 100 nm). In addition, the incident
radiation polarization is rotated 45° from the x axis in the
calculations. This device design allowed us to engineer
hybridized modes between (a) the long axis of the ellipse
and a 75 nm triangle, (b) the short axis of the ellipse and a
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75 nm triangle, and (c) the long axis of the ellipse and a
100 nm triangle. Because of the complexity of this device,
combinations of these modes and higher-order modes are
also present (see Supporting Information, supplementary
movie). The calculated plasmon mode near-field spectra for
the individual constituents of this device (75 nm triangle,
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100 nm triangle, and ellipse) are given in the Supporting
Information. The near-field enhancement spectrum calculated
for this device is presented in Figure 4d. Three peaks are
observed in the spectrum, clearly demonstrating the extension
of the basic two-color ABnC to multiple wavelengths.

The fact that spatially distinct, nanoscale mode volumes
can be individually addressed by tuning wavelength is of
considerable importance to technological applications such
as multicolor photon detection and sorting (e.g., red—
green—blue (RGB) photodetectors). There are significant
advantages to scaling photodetectors down to the nanoscale
in all three dimensions, including efficiency and modulation
speed.?!*® When implemented in conjunction with an ABnC,
these advantages are combined with near-unity collection
efficiency afforded by the optical nanonantenna (and sub-
wavelength device footprint), necessitating the design of
high-density, ultrafast multicolor detector arrays.

In conclusion, we have shown that with the ABnC
category of devices it is now possible to collect, concentrate,
and manipulate optical fields all while maintaining deeply
subwavelength field distributions. This is accomplished by
engineering the internal symmetries of nanoantenna structures
such that their constituent metallic elements create hybridized
modes at selected positions and wavelengths. Because of the
tunability and controllability of the localized optical fields,
we expect these specifically designed plasmonic molecules
to be useful for a wide range of multicolor photodetection
and optical/plasmonic filtering/sorting applications.
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